Abstract: the present study describes the anatomy and surface topography of the metacercaria of Microphallus primas (Jägerskiöld, 1909) infecting the shore crab Carcinus maenas (L.) in Aveiro estuary, northern Portugal. The metacercaria species identification resulted from the combined use of morphological and molecular data, particularly the 28s rDNa gene. the metacercariae encysted preferentially in the host's hepatopancreas and also in the gonads. isolated cysts were present in two distinct forms, spherical and oval, and were shown to be the identical species by the internal transcribed spacer 1 (its1) sequence. chemically excysted metacercariae were studied by light (LM) and scanning electron microscopy (SEM). Their specific characteristics observed include the particular aspect of the vesiculo-prostatic pouch surrounded by a very thin membrane, the presence of a prominent muscular papilla, and an obvious metraterm. the dorsal and ventral tegumental surfaces of the metacercaria were densely packed with similar squamous spines, which decreased in number and size towards the hindbody. the edges of the posterior and ventral face of the body were coated with numerous microvilli, whose function remains unknown. in order to identify the species of metacercariae, we compared a 28s partial rDNa sequence of the two forms of cysts with the same 28s partial region of M. primas available in genBank. With this comparison, we determined that the sequences had a 100% similarity and therefore belonged to the same species, i.e., M. primas.
the Microphallidae travassos, 1920 is a large family of small worms whose adults occur as intestinal parasites in most vertebrate classes, but mainly birds. cercariae have been shown to be produced by sporocysts developing in various prosobranch snails and metacercariae are commonly found in decapod crustaceans (Díaz et al. 2004) .
adult Microphallus primas (Jägerskiöld, 1909) are parasites of the digestive tract of several species of anseriform and charadriiform birds such as Haematopus ostralegus, Somateria mollissima and Larus argentatus, while the metacercariae of the parasite infect the crab Carcinus maenas (l.) (see Deblock and tran Van Ky 1966, saville and irwin 1991) . the larval stages (sporocyst and cercaria) develop in a mud snail, Hydrobia ulvae (see saville and irwin 1991, 2005) . this digenean has recently been recorded as an adult worm in the yellow-legged gull Larus cachinnans in galicia, north-west spain, by sanmartín et al. (2005) .
The use of molecular approaches for the identification of parasites has become commonplace. generally, complete its (internal transcribed spacer) rDNa sequences contain sufficient level of variation to distinguish trematode species clearly, when morphology gives ambiguous results (e.g., Morgan and Blair 1995, Nolan and cribb 2005) . Moreover, the its1 region is very useful for investigating intra-specific patterns of variation (Hust et al. 2004 ). However, some regions are less susceptible to nucleotide changes such as the 28s rDNa, or large subunit rDNa gene (lsU), which is highly conserved. this coding region, together with the 18s small subunit rDNa gene (ssU), is widely used to infer deep phylogenetic relationships among ancient lineages (Hillis and Davis 1986) . the aim of the present study is to describe by light (lM) and scanning electron microscopy (sEM), the anatomy and surface topography of the excysted metacercariae of M. primas found infecting the shore crab C. maenas from northern Portugal. as molecular markers, the its1 and a partial sequence of the 28s rDNa were used to identify the species of the metacercarial stage.
Morphological and molecular study of

MATERIALS AND METHODS
Sampling and morphological study of larval stages
Carcinus maenas were collected at low tide in the são Jacinto channel, aveiro estuary (Portugal), from February to November 2003. in total, 75 specimens of C. maenas were captured with the aid of a shrimp net, using rotten fish as bait. The crabs were maintained in laboratory aquaria filled with aerated and filtered brackish water from the same location, and were fed with small pieces of frozen fish once a day. Sample specimens were dissected; various organs were removed and pressed between two Petri dishes for cyst detection. samples of different forms of isolated cysts were observed, photographed and frozen in 50 µl of distilled water at −20 °C for subsequent DNA analysis. The metacercariae were excysted with a digestive solution. the solution used in the in vitro excystment experiments at 41°C for 20-60 min was composed of 0.8% w/v Nacl, 1.5% w/v Na 2 HCO 3 , 0.25% w/v bile salt (sodium taurocholate), 0.25% w/v trypsin, distilled water, 0.02 M HCl (pH 7 or 8), and 0.8% w/v cysteine (adapted from irwin et al. 1984) .
For light microscopy (lM) and scanning electron microscopy (sEM), some metacercariae were processed according to Pina et al. (2009) . the description of metacercariae was based on 15 stained and various live specimens.
Histological examination
For histological examination, the hepatopancreas was removed from the crab and immediately fixed in Bouin's fluid. Following fixation, the samples were dehydrated in a graded ethanol series, cleared with xylene, infiltrated and embedded in paraffin wax, sectioned at 3-5 µm and stained with haematoxylin and eosin (H&E) using standard protocols.
DNA extraction, PCR amplification and sequencing
DNa from 68 spherical and 50 oval encysted metacercariae found in naturally infected C. maenas was extracted using the genElute tM Mammalian genomic DNa Miniprep Kit (sigma, st. louis, Missouri) according to the manufacturer's instructions.
The 18S+ITS1+5.8S region of the rDNA was amplified using a forward primer located about 195 bp from the 3' end of the conserved region of the ssrDNa (a-its1: 5'-ggt aag tgc aag tca taa gc-3') and a reverse primer located about 35 bp from the 5' end of the 5.8s region (a-its1: 5'-gct gcg ctc ttc atc gac a-3') (adapted from Bartoli et al. 2000) . Due to the length of its1, this region was occasionally amplified using an additional forward primer (N-ITS1: 5'-CGT AAC aag gtt tcc gta g-3') located about 23 bp from the 3' end of the 18s rDNa.
The 5' start of the 28S region was amplified using the primers 28s-F (5'-gtg aat acc cgc tga act taa gc-3') and 28s-r (5'-tct cct tgg tcc gtg ttt caa-3').
Polymerase chain reaction (Pcr) was carried out in a total volume of 50 µl consisting of 10 × Pcr reaction buffer (200 mM Tris-HCl pH 8.4, 500 mM KCl), 0.2 mM dNTP mix, 1.5 mM Mgcl 2 , 0.4 µM of each primer, 1 U platinum Taq polymerase and 2 µl genomic DNa. the cycling conditions were as follows: 1 cycle of initial denaturation at 94 °C for 5 min; 40 cycles at 94 °C for 30 s, 54 °C (or 52 °C for the 28S fragment) for 30 s and 72 °C for 2 min; final extension at 72 °C for 10 min. Samples without DNA were included in each amplification run to ascertain contamination.
Amplified PCR products were analysed by electrophoresis in a 1.0% agarose gel stained with ethidium bromide, purified with the Qiaquick gel Extraction Kit (Qiagen, Valencia, california) and sequenced. the obtained sequence that included the partial 18s, its1 (complete), and partial 5.8s as well as the partial 28s sequence were submitted to genBank under accession numbers HM001303 and HM001304, respectively.
RESULTS
Metacercarial cysts of Microphallus primas were found with high prevalence (96%) in the hepatopancreas and gonads of Carcinus maenas. a macroscopic examination demonstrated that the heavily infected crabs presented several melanised foci throughout the hepatopancreas. the isolated cysts presented two distinct forms, spherical and oval shape (Fig. 1a, B) . the mean diameter of the spherical cysts was 403 µm (394-412) (n = 48) and the oval cysts measured 463 µm (338-546) long and 357 µm (299-427) wide (n = 135). in other respects, the different cysts, observed by lM, showed identical characteristics. the metacercariae were folded into a U-shape inside the cysts, and due to their opacity only a few structures were visible, namely the ovary and vitellarium (Fig. 1a, B) . the cyst wall was constituted by two layers, the external being thinner than the internal (Fig. 1B) . Histological sections also revealed the occasional presence of a thin layer of haemocytes which surrounded the encysted parasites. around several metacercariae that were at the beginning of the process of encapsulation, a large infiltration of host haemocytes was observed, sometimes including granuloma-like structures (Fig. 2) . 
Metacercaria of Microphallus primas
Description by LM: Excysted metacercaria elongate, pyriform. oral sucker subterminal, smaller than ventral sucker or acetabulum, which was circular and located at 2/3 of total body length (Fig. 3a) . the digestive system consisted of a pre-pharynx, followed by an ovoid pharynx and a straight and very long oesophagus (Fig. 3a, B) . caeca short, divergent, at level of acetabulum (Fig. 3a) . testes 2, symmetrical, postovarian, lateral, elongated, irregular in shape (Fig. 3c) . seminal vesicle antero-sinistral to acetabulum, ovoid. Prostate gland intercaecal, pre-acetabular, large, enveloping seminal vesicle, vas deferens and short ejaculatory duct (Fig. 3D) . Vesiculoprostatic pouch delimited by a very thin membrane. Ejaculatory duct short. Male copulatory organ a prominent and muscular papilla (Fig. 3D) . ovary dextral, anterior to testis. large, dense paired vitelline masses, posterior to testes, composed of about 10 follicles (Fig. 3a, c) . genital atrium closely envelopes male papilla; genital pore sinistral, adjacent to acetabulum. Metraterm long, large, opening into sinistral margin of genital pore (Fig. 3D) . Excretory vesicle V-shaped (Fig. 3a) . Measurements are given in table 1. SEM observations: Body pyriform with folded edges (Fig. 4a) . oral sucker subventral, rounded with well defined muscles. Uniciliated sensory papillae 4, on the outer lip of oral sucker, 2 on each side (Fig. 4B) . Uniciliated sensory papillae also scattered throughout body surface of metacercaria, more numerous on ventral surface (Fig.  4c) . acetabulum circular, slightly larger than oral sucker (Fig. 4D) . tegument with spines. on forebody numerous large, squamous spines with average 17 teeth on their distal margins (Fig. 4E) . Hindbody with small spines and number of teeth per spine gradually decreasing from 4 to 1 antero-posteriorly (Fig. 4F) . transition region between large and small spines clearly defined. Tegument on dorsal and ventral surface not different. Edges of posterior region of ventral face without spines but with numerous microvilli (Fig. 4G, H) . the excysted metacercariae from the two different types of cysts had similar morphology and ultrastructure.
H o s t : Carcinus maenas (linnaeus, 1758) (crustacea, Decapoda) as second intermediate host. l o c a l i t y : s. Jacinto, ria de aveiro, North of Portugal (40°30′N, 8°43′W). s i t e o f i n f e c t i o n : Encysted metacercariae usually located in the hepatopancreas and occasionally in the gonads. P r e v a l e n c e : 96% (72 of 75 C. maenas) for cysts found in the hepatopancreas and 77% (58 of 75 C. maenas) for cysts found in the gonads, from February to November 2003. i n t e n s i t y : the intensity of infection in the hepatopancreas was 504 to 1,125 (mean 949) parasites while in the gonads it ranged from 5 to 11 (mean 7). G e n B a n k A c c . N o s . : HM001303, HM001304.
Fig. 3. Photomicrographs of Microphallus primas excysted metacercariae isolated from the hepatopancreas of Carcinus maenas.
A -ventral view; B -high magnification of the cephalic region; C -detail of the hindbody; D -high magnification of the middleposterior region. Abbreviations: a -acetabulum; dc -digestive caeca; ej -ejaculatory duct; ev -excretory vesicle; met -metraterm; oes -oesophagus; os -oral sucker; ov -ovary; p -papilla; pg -prostate gland; ph -pharynx; sv -seminal vesicle; t -testes; vt -vitellaria.
Molecular analysis
PCR amplification of the 18S+ITS1+5.8S region of the rDNa from the two different forms of encysted metacercariae gave single products of identical size, 1,373 nucleotides long. after analysis of this Pcr product, the first 189 bp were identified as corresponding to the 18S gene-coding region. the following 1,151 bp were the its1 sequence and the last 33 bp coded for the ribosomal 5.8s unit. For the 28s gene, the Pcr procedure provided asingle fragment 923 bp long. No identical its1 sequence was found in GenBank. However, the BLAST search of the 28s partial sequence obtained from this study presented a 100% similarity to the available 28s sequence aY220627 known from Microphallus primas (tkach et al. 2003) . the its1 and 28s sequences obtained from the two forms of encysted metacercariae were identical.
DISCUSSION
the present study contributes to improve the morphological and ultrastructural characterisation of Microphallus primas metacercaria, a parasite found in the shore crab Carcinus maenas captured from aveiro estuary, northern Portugal.
the prevalence of M. primas infecting crabs was very high and the metacercariae were most commonly found encysted in the hepatopancreas and gonads. the pres- Fig. 4 . scanning electron micrographs of Microphallus primas metacercariae. A -lateral view; B -oral sucker with four uniciliated sensory papillae on the outer lip (arrows); C -tegument of the anterior ventral region of the body with uniciliated sensory papillae (arrows); D -ventral sucker or acetabulum; E -detail of the squamous spines covering the tegument of the forebody; F -detail of the spined tegument of the hindbody; G -particular aspect of the edges of the posterior region and ventral face of the body with numerous microvilli; H -same at higher magnification.
ence of melanised foci within hepatopancreas was also observed by stentiford and Feist (2005) , who determined these foci as consisting of metacercariae within an eosinophilic capsule. this encapsulation has been explained as a host immune response and is related to quantitative aspects of the haemocyte recruitment, which vary depending on the parasite size and the type of tissue infected (Martorelli and schuldt 1990). this explanation is in accordance with our finding of metacercariae in the hepatopancreas of C. maenas surrounded by a cyst capsule consisting of a wide internal layer and a thin external layer of haemocytic origin derived from a host reaction.
as far as we could observe, the infection by M. primas did not appear to induce a severe host immune reaction. However, Robaldo et al. (1999) reported that an infection by Microphallus szidati Martorelli, 1986 in another crab species caused structural damage to the hepatopancreas and necrosis of the tubules, altering its glycogen levels.
in this study, the isolated cysts showed two different forms, spherical and oval shape, despite their excysted metacercarie have the same morphological characteristics observed by lM.
it is important to point out that the ovary, testes and vitellaria of the excysted metacercaria were well differentiated under lM. according to saville and irwin (1991) , in the majority of trematode species that constitute the family Microphallidae, organogenesis occurs within the second intermediate host allowing the parasites to become ovigerous soon after entering the definitive host. The observations of Cable and Hunninen (1940) indicated that the older metacercariae, when removed from the cyst, were practically as large as the adult, which it resembled closely, except that eggs were absent. this progenetic development facilitated the identification of metacercariae since the genital system was almost completely formed (Martorelli and schuldt 1990) . thus, the metacercarial stage observed in the present work showed the characteristics of M. primas by comparison with the descriptions of the adult stage by Yamaguti (1958) , Deblock and tran Van Ky (1966) and Deblock (2008) . The specific characteristics observed under lM include the particular aspect of the vesiculo-prostatic pouch, limited by a very thin membrane, the presence of a prominent and muscular papilla, and the presence of an obvious metraterm. according to Deblock and tran Van Ky (1966) and Deblock (2008) the later structure was heterogeneous, villous proximally and muscular distally.
a comparison of the morphometric data presented in table 1 revealed that the measurements of the M. primas metacercaria described in this study were slightly different from those described by saville and irwin (1991) . this may be partially explained by the use of different fixation techniques. Moreover, metacercariae can be found at different phases of development in a host, and thus may have different sizes. the M. primas observed in the present work had a larger mean body length (934 µm) and width (487 µm), and testes were nearly double the size reported by saville and irwin (1991) . also, the mean length of the pre-pharynx (58 µm), as well as the mean dimensions of the pharynx (27.2 × 8.4 µm) were different, when compared with those reported by the same authors (75 µm) and (40 × 26 µm) respectively. the dimensions of the male papilla were consistent with those stated by Deblock (1966) to the maximum state of erection. among the features observed by sEM we emphasize the presence of numerous squamous spines on the forebody, which gradually decreased in number and size antero-posteriorly. the number of teeth per spine is an important characteristic for distinguishing microphallid species. comparing the shape and structure of the tegument spines, M. primas metacercaria observed in this study had more teeth per spine than M. pygmaeus, M. pseudopygmaeus, M. piriformis and M. triangulatus, species reported by galaktionov et al. (2004) . according to these authors, the spines of this group of parasites have "evolved to suit their hosts". thus, M. primas and M. piriformis are the species with the highest number of teeth per spine, and those that have been found in gulls and oystercatchers. contrariwise, the other three species occurring mainly in ducks are those with fewer teeth. Numerous microvilli were observed coating the tegument from the edges of the posterior and ventral face of the body; their function remains unknown but may be directly related to the adhesion of the parasite to the host.
in the present study, the its1 sequence of the ribosomal DNa was used to discriminate whether the different forms of cysts isolated from the hepatopancreas of C. maenas belonged to the same species. a match was found between the sequences of the two types of cysts (spherical and oval shape), indicating that they belong to the same species. since the only available sequences for M. primas in genBank were the 18s and a partial region of the 28s rDNa genes, we decided to amplify the same 28s region because it shows a faster rate of evolution through its different domains than does the 18s gene (Nolan and cribb 2005) . thus, from our point of view, the 28s gene, despite having very conserved regions, provides a better resolution than the 18S gene in the identification of trematode species. the similarity (100%) found between the 28s partial sequence obtained in this study and the 28s partial sequence of M. primas available in genBank was expected, as from observations of morpho-anatomic characteristics of the metacercaria we suspected it to be the same species. the 28s partial sequence obtained was also the same for the two forms of cysts, indicating that they belong to the same species, i.e. M. primas.
As the morphology alone may be insufficient to unequivocally identify many digenean species, a combination with molecular tools allows a quick and accurate identification. consistent genetic differences that are associated with consistent morphological or biological traits should be considered the marker for separate species (Nolan and cribb 2005) .
In conclusion, this is the first report using a combination of morphological features and molecular data, namely the its1 and 28s rDNa genes, that has led to the identification of M. primas metacercaria found infecting the shore crab C. maenas in the northern Portugal.
